The crystal structure of Bacillus subtilis ␣-amylase, in complex with the pseudotetrasaccharide inhibitor acarbose, revealed an hexasaccharide in the active site as a result of transglycosylation. After comparison with the known structure of the catalytic-site mutant complexed with the native substrate maltopentaose, it is suggested that the present structure represents a mimic intermediate in the initial stage of the catalytic process.
manner in all of these ␣-amylases, suggesting a similar catalytic mechanism.
In previous studies (9, 20, 21) , we created three catalytic-site mutants of BSUA by site-directed mutagenesis: DN176 (Asp1763Asn), EQ208 (Glu2083Gln), and DN269 (Asp2693 Asn). Interestingly, the affinity of EQ208 for G5 was greatly increased over that of the wild-type enzyme, while that for acarbose was greatly decreased (20, 21) . This property of EQ208 allowed us to crystallize a complex of EQ208 with G5 (EQ208/G5) suitable for X-ray diffraction, which revealed information on the interaction with the natural substrate at the atomic level (9) . In the present study, we report on the X-ray structure of BSUA complexed with acarbose (BSUA/acarbose) and compare the structure with that of EQ208/G5. Crystallographic studies of such a series of wild-type and mutant ␣-amylases, including the complexes with substrates or inhibitors, should provide insight into the catalytic mechanisms involved.
Enzyme preparation and crystallization. The N42 form of BSUA protein (22) was expressed using the B. subtilis expression system and the protein purified from the culture medium, as described previously (21) . The BSUA in this study was a site-directed mutant (Asn3563Gln), which had been prepared for a different purpose, and the activity and protein stability of this BSUA showed no differences from those of the wild type. Acarbose was a generous gift of Bayer AG (Wuppertal, Germany).
Crystallization trials of the BSUA/acarbose complex were performed by using the hanging drop vapor diffusion method. A mixture consisting of BSUA (20 mg/ml) in 10 mM Tris-HCl (pH 7.2) buffer containing 3.5 mM CaCl 2 and 0.26% acarbose was incubated at room temperature for 30 min. A 2-l droplet of this solution was mixed with an equal volume of reservoir solution containing 10% polyethylene glycol 3350 and equilibrated with reservoir solution at 20°C. Crystals grew as rods after about 3 weeks. During further refinement of the crystallization conditions, the largest crystals obtained had dimensions of about 0.2 by 0.2 by 1.0 mm when the mixture contained 13 mg of BSUA per ml and 0.32% acarbose. Data collection and model building. X-ray diffraction data were collected at 100 K using imaging plate detector R-AXIS IV ϩϩ , with copper anode X-ray generator (Rigaku UltraX 18). The collected data were processed with the program CRYS-TALCLEAR (Rigaku). The native intensity data set at 2.3-Å resolution contained a total of 109,248 observations, which reduced to 27,358 unique reflections with 96.8% completeness and a merging R factor of 14.0% on intensities. The crystals belonged to the orthorhombic space group P2 1 2 1 2 1 with the following cell constants: a ϭ 70.1 Å , b ϭ 73.9 Å , and c ϭ 115.5 Å ; the crystals contained one molecule in the asymmetric unit (Table 1) . These parameters and intensity profile indicate that the crystal is isomorphous with that of the complex with EQ208/G5.
The atomic coordinates of the EQ208/G5 complex from the Protein Data Bank with the identification code of 1BAG were used as the starting model. Manual model building was conducted with the QUANTA program (Molecular Simulations, Inc.). The structure was refined by simulated annealing with the CNS program (3). Of the observed reflections, 10% were randomly removed for the cross-validation (2). After rigid body and simulated annealing refinement, continuous density corresponding to a hexasaccharide was obtained.
Topology and parameter files for acarbose were generated by using program PRODRG (24) , according to the acarbose model in crystal complex with PPAI (17) and PPAII (10) .
Several cycles of refinement and manual rebuilding led to the model, in which the final R value was 20.1% (R free , 25.9%). Details of data collection and refinement are listed in Table 1 . The program PROCHECK (12) was used to evaluate the structure.
Overall structure. The model of the BSUA/acarbose complex refined at a 2.3-Å resolution was made up of 422 amino acid residues (N-terminal residues 1 to 3 and C-terminal residues 426 to 436 were excluded from the model due to possible disorder), one acarbose-derived molecule, three Ca 2ϩ ions, and 437 water molecules. Acarbose was bound in a deep pocket (active center) on the C-terminal side of the (␤/␣) 8 barrel. The overall structure of BSUA in complex with acarbose was essentially the same as that in complex with G5, with a root mean square (r.m.s.) difference of 0.28 Å for all C␣ atom pairs.
Oligosaccharide binding. Continuous density corresponding to six saccharide units in the active site was clearly observed in a F obs Ϫ F calc omit electron density map (Fig. 1A) . Although acarbose is a tetrasaccharide, hexasaccharide was observed probably at a higher degree of polymerization. Such acarbosederived oligosaccharides are frequently observed in the structures of acarbose complexes of family 13 enzymes (4, 10, 11, 13, 16, 17, 18, 19) , because the enzyme is able to transglycosylate or condense molecules to make a longer and hence tighterbinding inhibitor. The acarbose-derived hexasaccharide binds in subsites Ϫ4 to ϩ2 in a manner identical to that previously described (10, 17) . Subsites Ϫ4 and Ϫ1 contain cyclitol units. The subsite Ϫ4 in ␣-amylases has been known (1, 5, 10, 17) . Indeed, this cyclitol unit was exposed to the solvent region, and the hydroxyl groups interacted with water molecules via hydrogen bonds (Fig. 2) . Figure 1B shows a structural comparison between acarbose-derived hexasaccharide and G5. The cyclitol unit bound to subsite Ϫ1 assumed a half-chair conformation, so that the C-5 atom was displaced from the corresponding atom position of the chair form observed in G5. This difference at subsite Ϫ1 confirms that when BSUA binds its substrate, the sugar in the catalytic subsite Ϫ1 is not distorted. The remaining ring atom positions superimposed well, allowing for no significant change in both glycosidic bond directions from C-1 and C-4 to the neighboring saccharides. It is worth noting that the overall structures of acarbose-derived hexasaccharide and G5 are very similar to each other when bound to the enzyme.
Biochemical data show that acarbose inhibits the activity of BSUA quite effectively: the concentration needed for 50% inhibition is 0.2 or 1.6 M, depending on whether the enzyme is preincubated with acarbose (21) . Indeed, as expected, acarbose was tightly bound in the active center (Fig. 2) 20) . The carboxyl oxygen of the catalytic residue Glu208 hydrogen bonded to the glycosidic nitrogen between the Ϫ1 and ϩ1 subsites, which corresponded to a scissile bond. In the case of the EQ208/G5 complex, the amide nitrogen of Gln208 hydrogen bonded to the glycosidic oxygen at the corresponding site of G5.
The most interesting finding of the present study is that the structure of the transition state analogue acarbose is very similar to that of the native substrate G5 when bound to the enzyme (Fig. 1B) . One particular difference is in the C-5 atom position of the saccharide in the Ϫ1 subsite, as mentioned above. The C-5 atom positions of G5 and acarbose ligands are related by a flip between the chair and half-chair forms. Thus, the present results suggest that, at the initial stage of the catalytic process, a transition from the chair to half-chair form of the glucose unit occurs at the Ϫ1 subsite immediately after the protonation to the glycosidic oxygen of the scissile bond (14) . The present structure of the BSUA/acarbose complex is probably a mimic intermediate in this process.
Coordinates. The coordinates and structure factors are deposited in Protein Data Bank as 1UA7.
